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To elucidate the energy transfer and reexcitation processes in Eu-doped GaN layers that are used in recently
developed, highly efficient red light-emitting diodes, a systematic series of photoluminescence and time-resolved
photoluminescence (TR-PL) measurements was performed. Critical insights on how “slow” Eu processes (∼µs)
can compete against fast semiconductor processes (∼ps) are revealed using TR-PL with a high temporal
resolution, as it is found that the initial energy transfer from GaN to the Eu3+ ions takes place rapidly, on a
timescale of <100 ps. Below band-gap resonant excitation was used to identify the states into which the energy
transfer occurs. For the most efficient Eu defect complexes, this transfer dominantly occurs directly into the
5D0 state of Eu3+. Less efficient complexes also exhibit transfer into the 5D2 state, the emission of which can
be detected using photoluminescence at low temperature, indicating the importance of the excitation pathway
on device efficiency. Under high excitation intensity, reexcitation can also occur, leading to a redistribution of
population into the 5D2, 5D1, or 5D0 states.
DOI: 10.1103/PhysRevB.100.081201
Artificial lighting is essential to modern society [1,2].
While incandescent lighting was dominant for decades, there
has been a shift toward white solid-state light-emitting diodes
(LEDs), which are becoming more accessible and more main-
stream [3]. One aspect of white solid-state LEDs that is
the subject of increasing attention is their reliance on high-
intensity blue InGaN/GaN LEDs and a secondary excitation
of phosphor mixtures to produce white light [4]. The blue
light contribution in the spectrum of white LED bulbs and
displays is significant and has been shown to disrupt human
circadian rhythms [5]. Thus, methods for producing “warmer”
LEDs, with a limited contribution of blue light, need to be
investigated. One method is to utilize additive color mixing
of red, green, and blue LEDs, instead of phosphor excitation,
to produce white light. For this application, an efficient red
emitter based on GaN is required.
Europium-doped GaN (GaN:Eu) is a good candidate for
such red LEDs for two reasons: (1) Commercialized blue and
green LEDs are both based on GaN and can be integrated
with a GaN-based red LED [6]. (2) The spectral position of
the Eu3+ emission at 622 nm is sharp and thermally stable
[7,8]. Recently, green emission at ∼545 nm was observed
in GaN:Eu devices due to transitions from higher excited
states of the Eu3+ ions [9]. In addition, it was found that
the emission spectrum of GaN:Eu could be modified under
pulsed laser excitation or current injection, which offers an
alternative avenue toward realizing warmer LEDs; however,
the mechanism behind this phenomenon is not yet clear [9,10].
A better understanding of the energy transfer pathways from
GaN to the Eu3+ ions, as well as the excited-state population
dynamics within the Eu3+ energy-level manifold, will allow
for an enhancement in the efficiency of Eu-doped GaN-based
devices, further control over the emitted color from these
devices, and potentially to the development of electrically
pumped single photon emitters.
In this Rapid Communication, we present time-resolved
photoluminescence results that detail the energy transfer and
reexcitation dynamics of Eu3+ ions doped into GaN on the
picosecond timescale. The results indicate that the initial
energy transfer from the GaN host to the Eu3+ ions occurs on
a timescale of <100 ps. This is faster than the decay lifetime
found for the free carrier emission at 370 nm of ∼350 ps
(Fig. S1 [11]), which explains how Eu emission can compete
against other intrinsic radiative recombination centers in GaN.
Figure 1(a) shows the excited states of Eu3+, which sit at
different positions within the band gap of GaN with respect
to the energy levels of intrinsic defects such as gallium and
nitrogen vacancies [8]. We show that the individual 5D0, 5D1,
and 5D2 states of the Eu3+ play distinctive roles in the excita-
tion/reexcitation process, which are influenced by local defect
environments around the Eu3+ ions. The timescale of the
energy transfer, which is dependent on the transfer pathway,
appears to be a determinant for which centers are excited
most efficiently under current injection. Moreover, it is shown
that the deexcitation of Eu3+ ions in the 5D0 state back into
the 7F0 ground state, and their subsequent reexcitation, is the
underlying mechanism behind the conversion between the red
emission (622 nm) and green emission (545 nm) previously
reported [9,10]. We present a comprehensive excitation model
and compare the experimental results with simulations.
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FIG. 1. (a) Energy-level scheme of the Eu3+ transitions observed in this study within the GaN band gap along with potential local defect
trap levels. (b) TR-PL of 5D0 state emission (622 nm) for excitation above the 5D2 state, at the 5D2 state, and in between the 5D2 and 5D1
states. (c) TR-PL on the OMVPE8 and OMVPE4 Eu centers under above band-gap excitation. The emission of OMVPE4 has a rise time while
OMVPE8 does not.
To explore the temporal evolution of the excitation pro-
cess, time-resolved photoluminescence (TR-PL) measure-
ments were performed using an optical parametric oscillator
(OPO) system (Solar LS). The third harmonic of a pulsed
Nd:YAG laser (100 Hz, 5 ns pulse width) was used to pump a
tunable OPO for generation of the different photon energies.
Emission was dispersed by an M266 (Solar LS) monochro-
mator coupled to a photomultiplier tube (Hamamatsu R928)
combined with a multiscalar card, for photon detection. Al-
GaN/GaN:Eu multiple quantum well (MQW) samples con-
sisting of 13 periods of alternating 10-nm AlxGa1−xN layers
and 3-nm GaN:Eu layers grown at 960 °C were chosen, as
this sample structure was found to have a high-energy transfer
efficiency [9,12]. (See Supplemental Material [11] for more
details on the sample growth.)
Three excitation energies were chosen for the TR-PL mea-
surements: (1) directly resonant with the 5D2 state (471 nm),
(2) above the 5D2 state (419 nm), and (3) below the 5D2 state,
but above the 5D1 state (500 nm). For all three excitation
wavelengths, the emission was collected at 622 nm, and the re-
sult is shown in Fig. 1(b). When the excitation energy is higher
than or resonant with the 5D2 state, a rising component is
observed in the emission from the 5D0 state; however, this rise
component is not observed when the excitation energy was in
between the 5D2 and 5D1 states, and the emission intensity
was significantly weaker. This is consistent with photolumi-
nescence excitation (PLE) measurements, which revealed that
the 5D2 state exhibits a high absorption, indicating that it plays
an important role in the initial excitation process; however,
the 5D1 state exhibits a significantly lower absorption, and
does not [10]. The rise time was found to be ∼2 μs, which
is on the same timescale as the lifetime of 5D1 state. This
indicates that the rising is due to a cascading relaxation from
the 5D2 → 5D1 → 5D0 state, and is consistent with previous
reports [13,14]. These results confirm that the 5D0 state can
be excited via multiple pathways, which is influenced by the
excitation energy with respect to the other 5DJ states.
The Eu3+ ions have been shown to incorporate into GaN
with diverse local defect environments or “sites” [15–22]. The
results above indicate that the energy levels associated with
these different defect environments can facilitate a preferential
excitation of the Eu3+ ions into different 5DJ states. “Site-
selective” TR-PL was performed to elucidate this. The results
are shown in Fig. 1(c). The 622-nm emission peak belongs
primarily to the majority center in GaN:Eu, which is referred
to as OMVPE4, at moderate excitation intensities [17–22].
The TR-PL results for OMVPE4 show a clear rise of ∼2 µs.
For comparison, another Eu center referred to as OMVPE8
was selected as its primary emission peak (∼618 nm) is easy
to isolate from the other Eu emission peaks [20]. The TR-
PL from OMVPE8 shows no rise under 354-nm excitation
(above the GaN band gap), which confirms that the defect
environment of the Eu3+ ion influences the energy transfer
pathway.
To understand the dynamics behind this energy trans-
fer mechanism on shorter timescales, TR-PL measurements
were performed using a 342-nm PHAROS frequency tunable
200-fs pulse laser, and the emission was collected and sent
to a Picoharp300 photon counting system with a temporal
resolution of 512 ps. The repetition rate and pulse intensity
of the laser were systematically varied to investigate the
excitation and reexcitation properties of the different states of
Eu3+, and the influence of carrier density [9,10]. To study the
behavior of Eu3+ ions in the ground state (7F0), the repetition
rate was set to 1 kHz, resulting in a pulse interval longer than
the lifetime of the 5D0 state (∼250 μs) [19]. On the other
hand, the repetition rate was set to 200 kHz, resulting in a
pulse interval much shorter than the lifetime of the 5D0 state,
allowing for the study of already excited Eu3+ ions in the
presence of additional carriers.
Figure 2(a) shows the TR-PL results under a low pulse rate.
With the enhanced time resolution of this detection system,
it is clear that the Eu3+ ions are excited via two different
pathways. One pathway is very fast where the 5D0 state is
directly populated. Using a low pulse intensity, it is shown that
the 5D0 state can be populated within 1 ns (inset). This process
was not observed in the TR-PL results shown in Fig. 1, due to
the lower temporal resolution of that system. The 5D0 state
is further populated via a different path (τrise ∼ 2 μs) due to
nonradiative decay from the 5D1 state.
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FIG. 2. (a) TR-PL at a repetition rate of 1 kHz measured at 622 nm and under different pulse intensities. Under low pulse intensity, 5D0
related emission appears within 1 ns after the laser pulse (inset). (b) TR-PL emission using a streak camera at 100-ps binning and an intrinsic
temporal resolution of 15 ps. Eu emission can be observed within 100 ps after the laser pulse. (c) TR-PL at a 200-kHz repetition rate under
high pulse intensity. At this shorter pulse interval, the reexcitation processes can be observed.
As the pulse intensity was increased from 0.014 to
0.275 μJ, the ratio of the emission that went to the 5D0
state directly compared to the relaxation-related emission
decreased [Fig. 2(a)]. The difference in this ratio can be
explained by the excitation of different Eu centers since,
for the 622-nm peak, at least two centers (OMVPE4 and
OMVPE7) overlap spectrally. (See Supplemental Material
[11] for more details on the emission profiles from the dif-
ferent Eu centers, and how their emission can be spectrally
selected.) OMVPE4 centers are numerous, but inefficient in
terms of energy transfer, while the OMVPE7 centers are fewer
in numbers and highly efficient [18,19]. Thus, the emission
at 622 nm is dominated by OMVPE7 for very low pulse
intensities, but saturates due to its low numbers. Furthermore,
the emission under a pulse intensity of 0.014 μJ shows almost
no slow rise component, which indicates that OMVPE7 is
only excited through the fast pathway. Conversely, OMVPE4
emission can continue to increase due to its larger numbers,
and the emission related to relaxation from the 5D1 state in-
creases proportionally. Spectrally resolved TR-PL on the 623-
nm emission peak, which is only associated with OMVPE4,
exhibits a constant proportionality between the fast and slow
process (Fig. S4 [11]). This implies that the OMVPE4 centers
can be excited through both the fast and slow pathways, with
a certain branching ratio, while both OMVPE7 and OMVPE8
are only excited through the fast pathway. This observation is
also consistent with a previous finding that these two centers
are closely related [20].
Finally, still higher temporal resolution was needed to
elucidate the fast energy transfer process; therefore, a streak
camera (Hamamatsu C5680) was used. The sample was ex-
cited at 350 nm with an OPA Orpheus-HP (Light Conversion)
pumped by a PHAROS femtosecond laser. Figure 2(b) shows
background-corrected TR-PL on the 622-nm Eu emission,
which can be observed within the first 100 ps after the laser
pulse. (See Supplemental Material [11] for more details.)
The high speed of the 5D0 state population suggests that the
energy transfer mechanism is an Auger-type process between
the carriers and the electron configuration of the Eu3+ ions.
A similar process was proposed for other rare-earth (RE)
ions (Er and Yb) in Si [23–26]. Given the complicated 4 f
configuration of the RE ion, a quantitative estimate of transfer
rates is extremely challenging. However, Auger processes
in nitrides are, in general, very efficient and there is strong
evidence for phonon-assisted Auger recombination in GaN, as
predicted by first-principles theory [27,28]. Hence, we expect
that such a process can be very efficient in our case as well.
Figure 2(c) shows TR-PL of the 5D0 state emission under
a high repetition rate (200 kHz). The 5D0 emission intensity
is reduced immediately after the pulse and then rises via
relaxation from the 5D1 state until the emission saturates. This
is explained as a carrier-induced back-transfer [23,24], where
a significant proportion of excited Eu3+ ions are deexcited out
of the 5D0 state, and the Eu3+ ions are excited again through
a subsequent energy transfer. This result explains the shift in
the relative ratio between the 5D1 emission (545 nm) and the
5D0 emission (622 nm) previously reported in GaN:Eu [9],
however, it also demonstrates the short timescales at which
excitation and reexcitation occur. This is shown with highest
temporal resolution in Fig. S5 [11].
To gain a deeper understanding of the results above, a
model of the reexcitation process was established using rate
equations to simulate the energy transfer processes, as shown
in Fig. 3(a). The energy levels considered in this model are the
5D2, 5D1, 5D0, and 7FJ (note: all 7F levels are taken together).
The transition from 5D2 → 5D1 is a nonradiative decay, while
the 5D0 → 7FJ transitions are dominated by radiative decay.
Clearly, the 5D1 state can relax both radiatively and nonra-
diatively, since 5D1 → 7FJ emission is observed in PL, and
because the 5D0 state emission increases due to decay from
the 5D1 state as observed in TR-PL. The pulse intensity (P)
governs the excitation processes, and the pulse interval was
set to 5 µs. The coefficients b, c, and d are branching ratio
parameters for the different excitation and decay processes
involved. Power-dependent photoluminescence results on the
5D1 state emission revealed a linear relationship between PL
081201-3
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FIG. 3. (a) The Eu3+ energy levels and transitions used in the
simulation. The dark blue arrows indicate back-transfer, the light
blue arrows indicate excitation, and the red arrows represent the
radiative and nonradiative transitions. (b) Simulation of the 5D0, 5D1,
and 5D2 state time evolution under high pulse intensity and high
repetition rate.
emission intensity and pulse interval for all pulse energies,
which indicates that the branching ratios are constant within
the excitation parameters of these experiments (Fig. S7 [11]).
The time evolution of the relative population of the 5D0,
5D1, and 5D2 states is shown in Fig. 3(b). After five periods
(∼25 μs), the evolution results are consistent with the ex-
perimental TR-PL results shown in Fig. 2(b), where the 5D0
state is depopulated after each pulse, and then subsequently
repopulated both directly and via relaxation from the 5D1
state. The 5D2 state lifetime is sufficiently short such that no
rise is observed in the 5D1 state related emission, which is
consistent within the 512-ps resolution of that measurement
system. (The rate equations and details on the parameter
determination can be found in the Supplemental Material
[11].)
It is clear that nonradiative processes play an important
role in the decay scheme from the 5D2 state to the 5D0 state
[29,30]. To explore the role of these competitive nonradiative
pathways, PL measurements were performed at low tempera-
ture (∼14 K), where vibrations and nonradiative channels are
inhibited. The samples were cooled using a closed-cycle He
cryostat (Montana Instruments C2 Cryostation) and the sam-
ple emission was collected using an OceanOptics USB4000
CCD spectrometer.
The PL emission spectra taken at 14 K and at room
temperature are shown in Fig. 4, where the repetition rate
of the pulses was set to 200 kHz. At low temperature, four
new emission peaks are observed in the range of 470–520 nm
(inset). The emission lines at 471, 480, 494, and 520 nm are
related to transitions from the 5D2 state to the 7F0, 7F1, 7F2,
and 7F3 states, respectively. This observation confirms that
the 5D2 state can decay radiatively, but that it preferentially
decays nonradiatively at room temperature; therefore, these
peaks are absent in the room-temperature PL spectra. More-
over, no rise time was observed for the 5D2 state emission,
which suggests that energy transfer into the 5D2 state also
occurs on a timescale of <100 ps.
In summary, a detailed excitation model for GaN:Eu was
established. We find that the initial energy transfer from the
GaN to the Eu3+ ions occurs on a timescale of <100 ps, which
is faster than the free-carrier luminescence in GaN at 370 nm
FIG. 4. PL at low temperature shows a relatively lower 5D1
state emission compared with room temperature. In addition, 5D2
emission can be detected at 472, 481, 494, 501, and 520 nm (inset)
at low temperature, but not at room temperature.
with a decay lifetime of ∼350 ps. These results clarify how the
“slow” processes within rare-earth atoms, which are known
to interact weakly with their host environments, can compete
against “fast” semiconductor processes leading to Eu-doped
GaN-based red LEDs that can rival InGaN/GaN-based red
LEDs in terms of external quantum efficiency. In addition, it is
shown that energy is transferred to different 5DJ states based
on the local defect environment around the Eu3+ ion. This
occurs because defect energy levels within the GaN band gap
that are associated with these local defect environments are
resonant with the energy levels of the different Eu3+ excited
states (e.g., 5D2, 5D1, or 5D0). For above band-gap excitation,
the 5D0 state of Eu3+ is populated with the highest probability
relative to other Eu3+ states as there is a preference for all 5DJ
states to decay nonradiatively to the 5D0 state by releasing
phonons. It is proposed that the high efficiency of certain Eu
centers (e.g., OMVPE7 and OMVPE8) results from a defect
environment that primarily facilitates energy transfer directly
into the 5D0 state (fast pathway), whereas OMVPE4 is less
efficient since it can be populated through either the slow or
fast pathway.
Moreover, we show that Eu3+ ions in their long-lived 5D0
state can be further excited, leading to an energy back-transfer
to carriers (free or trapped) in the GaN host. The electron
hole pairs subsequently recombine and transfer energy back
to the Eu3+ ions, which redistributes to the 5D2, 5D1, and 5D0
states according to their branching ratios. Multiple iterations
of this reexcitation cycle can lead to a significant population
of the 5D1 state under intense excitation conditions. Interest-
ingly, emission from the 5D2 state can be observed at low
temperatures, once nonradiative decay channels are inhibited.
These results suggest that it should be possible to enhance the
relative intensities of the 5D1 and 5D2 state-related emission
by increasing the favorability of radiative decay.
081201-4
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Overall, the model and results give critical insights on the
energy transfer efficiency in GaN:Eu. Blue InGaN/GaN-based
LEDs have record-breaking external quantum efficiencies, de-
spite an abundance of dislocations and defects, due to In phase
decomposition, which creates a carrier localization effect, and
the unique interaction between the In atoms and threading
dislocations to form V- shaped pits that inhibit nonradiative
recombination [31,32]. Similarly, the interaction between the
Eu atoms and their local defect environment appears to be
responsible for the unexpectedly high efficiencies of GaN:Eu-
based devices. These results are essential for understanding
how to manipulate the emission characteristics of the Eu3+
ions in order to facilitate color tunability in GaN devices, as
well as the development of single photon emitting semicon-
ductor systems based on Eu or other rare-earth elements.
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